Nicotinic acetylcholine receptors (nAChRs) are pentameric ligand-gated cation channels well characterized in neuronal signal transmission. Moreover, recent studies have revealed nAChR expression in nonneuronal cell types throughout the body, including tissues involved in metabolism. In the present study, we screen gene expression of nAChR subunits in pancreatic islets and adipose tissues. Mice pancreatic islets present predominant expression of α7 and β2 nAChR subunits but at a lower level than in central structures. Characterization of glucose and energy homeostasis in α7β2nAChR −/− mice revealed no major defect in insulin secretion and sensitivity but decreased glycemia apparently unrelated to gluconeogenesis or glycogenolysis. α7β2nAChR −/− mice presented an increase in lean and bone body mass and a decrease in fat storage with normal body weight.
Introduction
The nicotinic acetylcholine receptors (nAChRs) consist of a wide family of ligand-gated cation channels opened by the binding of the endogenous neurotransmitter acetylcholine (ACh) or other biologic compounds including nicotine. nAChRs are formed by the symmetrical arrangement of five subunits around a central pore [1, 2] , resulting in many combinations since in mammals 16 nAChR subunits composing heteropentameric or homopentameric nAChRs have been discovered. The subunit composition of these receptors determines their expression pattern, function, and pharmacologic properties such as agonist sensitivity, desentizing period or ionic selectivity [3] [4] [5] . α7 subunits form homopentameric nAChRs with low agonist affinity, fast desensitization and high permeability to Ca 2 + [3, 4] . In contrast, β2 containing heteropentameric nAChRs present high agonist affinity and slow desensitization [3, 4] .
The widespread central and peripheral expressions of nAChRs make it difficult to study them in the context of regulation of energy homeostasis. Different central nicotinic cholinergic circuits involving at least α3, α4, α7, β2 and β4 nAChRs subunits regulate feeding through modulation of various hypothalamic orexigenic and anorexigenic neuropeptides [6] . Central nicotinic cholinergic signaling also regulates energy homeostasis through modulation of energy expenditure and control of spontaneous physical activity [6, 7] . In this context, the β2nAChR −/− mice present an elevation in locomotor behavior but a dampened exploration behavior linked to alterations in the dopaminergic system [8] [9] [10] [11] . In addition to these central roles in the brain, more subtle nAChR expression is detected in nonneuronal cell types throughout the body [12] [13] [14] , suggesting a paracrine role for ACh. Functional binding of labeled nicotine, as well as detection of nAChRs in pancreatic islets and adipocyte [15] [16] [17] [18] [19] [20] suggests that nicotinic cholinergic signaling in metabolic tissues can peripherally regulate energy homeostasis. Nicotinic cholinergic stimulation improves the metabolic status of several genetic/environmental obese and diabetic rodent models [21] . In contrast, α7nAChR −/− mice present excessive adipose inflammation, impaired glucose tolerance and insulin resistance [22, 23] .
Molecular Genetics and Metabolism 112 (2014) [64] [65] [66] [67] [68] [69] [70] [71] [72] In light of these recent reports, our present study aims 1) to screen gene expression of nAChR subunits in pancreatic islets and adipose tissues in wild-type mice and 2) to evaluate the metabolic impact of a double α7 and β2 nAChR deficiency in mice, focusing our attention on the regulation of glucose and energy homeostasis.
Materials and methods

Animal protocols
All animal procedures were approved by the "State of Geneva Veterinary Office" (Geneva, Switzerland). 6 month-old male α7β2nAChR −/− and wild-type C57Bl/6J mice (Charles River Laboratories, France) were housed in an environmentally-controlled room at the School of Medicine animal facility (Medical Center University, University of Geneva), in standard conditions (12 h light, 12 h dark cycle, temperature = 22°C, hygrometry = 55 ± 10%), with free access to food (RM3 from Special Diet Services, Witham, Essex, UK) and water. Generation of double α7β2nAChR −/− mice resulted from breeding of single β2nAChR −/− and α7nAChR −/− mice for which genetic engineering was previously described [24, 25] . Ad libitum food intake was measured by weighing the solid pellets placed in the grids on top of each cage during 5 consecutive days. For the fasting/refeeding experiment (involving glycemia, insulinemia, body weight and food intake monitoring), food pellets were removed for 6 h or 18 h prior to refeeding. The same cohort of α7β2nAChR
and wild-type C57Bl/6J mice underwent body composition analysis, the indirect calorimetry experiment, the fasting/refeeding experiment and the glucose homeostasis experiments with at least 1 week of recovery between each experiment. At sacrifice, epididymal white adipose tissues (eWAT) were weighed before being either fixed in paraformaldehyde (4%) or flash-frozen in liquid nitrogen before storage at −80°C for later analyses.
Glucose homeostasis
Different physiological assays were performed to assess glucose homeostasis in α7β2nAChR −/− mice. For the 2-deoxyglucose (2-DG) tolerance test, after a 6 h fast, 2-DG (1 mg/g b.w.) in normal saline (0.9% NaCl) was administered intraperitoneally. Blood glucose and insulin levels were determined using tail blood at 0 and 10 min after 2-DG injection. For the glucose tolerance test (GTT), after a 6 h fast, glucose (2 mg/g b.w.) in normal saline (0.9% NaCl) was administered intraperitoneally. Blood glucose levels were determined using tail blood at 0, 15, 30, 60, 90 and 120 min after glucose injection and insulin levels were determined at 0, 15 and 120 min after glucose injection. For the pyruvate tolerance test (PTT), after a 6 h fast, pyruvate (2 mg/g b.w.) in normal saline (0.9% NaCl) was administered intraperitoneally. Blood glucose levels were determined using tail blood at 0, 15, 30, 60, 90 and 120 min after pyruvate injection. For the glucagon tolerance test, after a 6 h fast, glucagon (25 μg/kg b.w.) in normal saline (0.9% NaCl) was administered intraperitoneally. Blood glucose levels were determined using tail blood at 0, 15, 30, 60 min after glucagon injection. For the insulin tolerance test (ITT), after a 3 h fast, insulin (0.5 mU/g body weight; Actrapid, NovoNordisk, Bagsvaerd, Denmark) in normal saline (0.9% NaCl) was administered intraperitoneally. Blood glucose levels were determined using tail blood at 0, 15, 30, 60, and 90 min after insulin injection. Chemicals and reagents were provided by Sigma-Aldrich (St. Louis, MO, USA).
Body composition
Body composition, to dissociate lean, fat and bone compartments, was determined by DEXA (dual X-ray absorptiometry). The mice were anesthetized with intraperitoneal injections of ketamin (100 mg/kg) and xylazinhydrochlorid (rompum, 10 mg/kg) and scanned using a Lunar PIXImus densitometer (Lunar, Madison, WI). Calibration of the instrument was conducted before each run with an aluminum/lucite phantom provided by the manufacturer. Whole-body scans were analyzed using the software provided by the manufacturer. All data used for the analysis of body composition exclude the head and represent the subcranial body composition.
Indirect calorimetry and physical activity
Indirect calorimetry and spontaneous physical activity were monitored on α7β2nAChR −/− and wild-type C57BL/6J mice using the 
Islet isolation
Human pancreatic islets were kindly provided by the University Hospital of Geneva (HUG), through the JDRF award 31-2008-413 (ECIT Islet for Basic Research Program). For mice islets, pancreata of male wild-type C57BL/6J mice (Charles River Laboratories, France) were immediately excised and cut into small pieces in Hanks solution before transfer into 5 ml of Hanks-collagenase type V solution (Sigma Aldrich, Buchs, Switzerland) incubated in a 37°C water bath for 7 min. Digestion was stopped by addition of Hanks/BSA on ice and the pancreatic tissue was centrifuged several times before undigested fragments were carefully removed. After washing with Hank's solution, the tissue was concentrated into a pellet which was suspended on a Histopaque® 1077 gradient (Sigma Aldrich, Buchs, Switzerland). After centrifugation at 2500 rpm for 20 min, islets were harvested from the interface between the layers, washed and finally concentrated into pellets and immediately used for RNA extraction or cell culture.
Cell culture for insulin secretion
After isolation, islets were maintained in Krebs-Ringer bicarbonate HEPES buffer containing 0.1% BSA and 2.8 mmol/l glucose. Batches of 10 islets from α7β2nAChR −/− and wild-type C57BL/6J mice were handpicked and incubated in the presence of 22.8 mmol/l glucose for 1 h. Then, the supernatant was collected for insulin measurements using a mouse insulin Elisa kit (Mercodia, Uppsala, Sweden).
Blood measurements
For basal and challenged circulating glucose levels (during fasting/ refeeding, 2-DG, GTT, ITT, PTT, Glucagon tolerance test), blood samples were collected by tail puncture for immediate glycemia measurement using a glucometer (Glucotrend Premium, Roche Diagnostics, Rotkreuz, Switzerland). For insulin and thyroid hormones measurements, blood was collected from a tail puncture, in heparinized tubes, placed on ice, centrifuged (3000 g, 10 min) and plasma was directly frozen before dosage using a mouse insulin Elisa kit (Mercodia, Uppsala, Sweden), a mouse/rat T3 total Elisa kit (T3043T-100) and a mouse/rat T4 total Elisa kit (T4044T-100) (Calbiotech, Spring valley, CA, USA).
RNA preparation and gene expression analysis
Total RNA from pancreatic islets and white/brown adipose tissues were extracted using the RNeasy Mini Kit® according to the manufacturer's protocol (Qiagen, Basel, Switzerland). One to five micrograms total RNA were reverse-transcribed using 400 units of Moloney Murine Leukemia Virus (MMLV) Reverse Transcriptase (Invitrogen, Basel, Switzerland), in the presence of 1 unit/μl RNAsin (Promega Corp, Madison, WI, USA), 0.2 μg random primers (oligo(dN)6) (Promega Corp, Madison, WI, USA), 2 mM dNTP and 20 μM DTT (Invitrogen, Basel, Switzerland). The expression of the cDNAs was determined by quantitative real-time PCR using an ABI StepOne Plus Sequence Detection System (Applera Europe, Rotkreuz, Switzerland) and were normalized using the housekeeping genes Ribosomal Protein S29. PCR products were quantified using the Master SYBR Green mix (Applera Europe, Rotkreuz, Switzerland) and results are expressed in arbitrary units (A.U) relative to the control group mean value or the predominantly expressed nAChR subunits. Primer sets (designed using the Primer Express software, Applera Europe, Rotkreuz, Switzerland) were tested for amplification efficiency (N90%) and were chosen when possible on both sides of an intron to avoid amplification of possible contaminating genomic DNA. The annealing temperature (60°C) and amplicon size (50-150 bp) were automatically determined by the software. Oligos were used at 217 nM each (Microsynth, Switzerland). The sequence of the primers used is provided in Table 1 .
Histological examination of adipose tissue
Epididymal white adipose tissue (eWAT) of α7β2nAChR −/− and wild-type mice was fixed in a paraformaldehyde solution, embedded in paraffin, cut and stained with hematoxylin/eosin (H&E). Photographs were then taken using an Axiocam camera (Carl Zeiss, Gottingen, Germany) and the morphometric measurements were performed using the Image J software (Rasband W.S, ImageJ, NIH, Bethesda, MD, USA) as previously reported [26] .
Statistics
Results are expressed as mean ± SEM for the indicated number of observations. One-way analysis of variance (ANOVA) and post-hoc analysis (using Student-Newman-Keuls) were performed using SigmaPlot11 (Systat Software). A p-value of b0.05 was considered statistically significant.
Results
α7 and β2 are the main nAChR subunits expressed in pancreatic islets of mice
The real-time quantitative PCR technique was used to screen the relative gene expression of α and β nAChR subunits in metabolic tissues. As in the hippocampus, a limbic part of the brain used as positive control (Figs. 1A and B), α7 and β2 were the nAChR subunits most predominantly expressed in pancreatic islets isolated from mice (Figs. 1C and D). In comparison, human pancreatic islets express predominantly α5 and β2 nAChR subunits (Figs. 1E and F) . In mouse white (WAT) and brown (BAT) adipose tissue, α2 was the most expressed alpha nAChR subunit (Figs. 1G and I). Mice WAT expresses mainly β1 (Fig. 1J) whereas mice BAT expresses comparable amounts of β1 and β2 nAChR subunits (Fig. 1H) . Nevertheless, peripheral nAChR expressions in pancreatic islets (Ct for β2 ≈ 29 cycles in mice; Ct for α5 and β2 ≈ 25 cycles in humans) as well as in fat pads (Ct for α2 ≈ 24 cycles; Ct for β1-β2 ≈ 24-25 cycles) are consistently lower when compared to central levels (Ct for α7 ≈ 20 and for β2 ≈ 22 in the mice hippocampus).
α7β2nAChR
−/− mice display no major defect in insulin secretion but present a lower glycemia
The predominant expression of α7 and β2 nAChR subunits in mice pancreatic islets led us to investigate whether these nAChR subunits 
could be involved in the regulation of glucose homeostasis and insulin secretion. To this aim, we studied the double α7β2nAChR
−/− mouse model. Pancreas to body weight ratio was unchanged in α7β2nAChR −/− mice ( Fig. 2A) . After 6 h or 18 h of fasting, as well as 1 h following refeeding, insulinemia was not different in α7β2nAChR −/− in comparison to wild-type mice (Fig. 2B) . In contrast, glycemia was decreased by 15 ± 3% (p b 0.05) in α7β2nAChR −/− mice (6 h) and by 11 ± 3% (p b 0.05) (18 h) following food removal but rose to similar levels as in wild-type mice 1 h after refeeding (Fig. 2C) . We assessed the β-cell response to vagal stimulation using the administration of 2-deoxyglucose (2-DG) (a glucose analog that is not metabolized and blocks intracellular glucose utilization, promoting neuroglycopenia, vagus nerve stimulation and islet hormonal secretion). Insulinemia ( Fig. 2D) and glycemia ( Fig. 2E) were increased to the same extent in wild-type and in α7β2nAChR −/− mice 10 min following 2-DG administration, suggesting similar parasympathetic input in both genotypes. We also investigated potential consequences of α7 and β2 nAChR subunit deficiency on glucose-induced insulin secretion, both in-vitro (using isolated islets, Fig. 2F ) and in-vivo (using intraperitoneal glucose tolerance test, Figs. 2G-I) . In-vitro, pools of 10 islets from wild-type and α7β2nAChR −/− mice secreted comparable amounts of insulin in response to hyperglycemia (22.8 mM glucose concentration) (Fig. 2F) .
In-vivo, relative to basal glucose excursion during i.p. GTT was not modified in α7β2nAChR −/− compared to wild-type mice (Fig. 2G) , confirmed by area under the curve values (Fig. 2H) . Insulin secretion, expressed in absolute values (Fig. 2I) , was similar in α7β2nAChR
and wild-type mice. Relative to basal glucose excursion during i.p. insulin tolerance test (Fig. 2J ) and glucagon tolerance test (Fig. 2K) were globally similar between α7β2nAChR −/− and wild-type mice. During pyruvate tolerance test (Fig. 2L ), relative to basal glucose levels were slightly increased 60 and 120 min after pyruvate administration in α7β2nAChR −/− mice. Taken together, these results show that double α7 and β2nAChR deficiency does not impact insulin secretion and insulin sensitivity, but dampens basal circulating glucose levels in the inter-meal interval or the fasted state without drastically reducing gluconeogenesis or glycogenolysis.
−/− mice display a defect in energy storage and modifications in food intake and body composition Seeking to explain decreased basal glycemia unrelated to apparent modification in glycogen metabolism or insulin secretion/sensitivity, we further investigated energy homeostasis in α7β2nAChR −/− mice.
At 6 months of age, body weight of α7β2nAChR −/− mice was not different from that of wild-type mice (Fig. 3A) . Daily food intake was slightly increased by 10 ± 2% (p b 0.05) in α7β2nAChR −/− mice (Fig. 3B ).
−/− mice lost 39 ± 9% (p b 0.05) more weight than wildtype mice following a 18 h fasting period (Fig. 3C) . Under ad libitum conditions, the α7β2nAChR −/− mice ate more than wild-type mice at different refeeding time points following the fasting period (Fig. 3D) . Table 1 .
The greater weight loss during food unavailability led us to investigate body composition in α7β2nAChR −/− mice by dual energy X-ray absorptiometry (DEXA). α7β2nAChR −/− mice presented significantly increased lean body mass and a tendency to decreased body fat mass (p = 0.06) (Fig. 3E) . In contrast, bone mass content was increased by 9 ± 2% (p b 0.05) in α7β2nAChR −/− compared to wild-type mice (Fig. 3F ).
Both femur and subcranial whole body skeleton of α7β2nAChR
mice showed elevated levels of mineral density compared to wild-type mice (Fig. 3G) . Weight of epididymal fat pads was reduced by 51 ± 5% (p b 0.05) in α7β2nAChR −/− compared to wild-type mice (Fig. 3H ).
Gene expression of pro-inflammatory cytokine TNF-α and IL-6 showed a non-significant trend to decrease in eWAT of α7β2nAChR −/− mice (Fig. 3I) . To determine the underlying mechanism involved in the limitation of eWAT accretion observed in α7β2nAChR −/− mice, histological sections of eWAT were obtained from each genotype (Figs. 3J-K) .
Quantitative analysis of these sections (Fig. 3L) showed a decrease of 29 ± 7% (p b 0.05) in the size of the adipocyte from α7β2nAChR −/− mice compared to those of wild-type mice, suggesting that hypotrophy of the adipocyte contributes to fat pad atrophy in α7β2nAChR −/− mice.
A potential explanation for the unaltered body weight of α7β2nAChR −/− mice and decreased fat storage despite their increased appetite might be an elevation in their energy expenditure. VO 2 consumption monitored on two consecutive days (Fig. 4A ) was in fact increased in α7β2nAChR −/− compared to wild-type mice [by 7 ± 2% (p b 0.05) during the dark phase (active period for rodents) and by 9 ± 2% (p b 0.05) during the light phase (resting period)] (Fig. 4B) . Elevation in VO 2 consumption was associated to an increase of 24 ± 6% in total T3 levels in α7β2nAChR in α7β2nAChR −/− mice (1.29 ± 0.12 μg/dl) compared to wild-type mice (1.44 ± 0.24 μg/dl, p = 0.58) (data not shown). The altered adaptation to fasting previously observed in α7β2nAChR −/− mice (Fig. 3C) is corroborated by changes in energetic substrate use since the respiratory exchange ratio (RER = VCO 2 /VO 2 ), was significantly reduced in α7β2nAChR −/− mice during the light phase (Fig. 4C) , indicating that α7β2nAChR −/− mice oxidated more lipids than wild-type mice during this period. The circadian pattern of spontaneous physical activity was also assessed with the LabMaster system, allowing to discern horizontal (ambulatory) movements and vertical (fine exploration/rearing) movements, each of them occurring either in the central or the peripheral zone of the cage. Central ambulatory activity patterns appeared to be similar in α7β2nAChR −/− and wild-type mice (Fig. 4D) . In contrast, central fine activity patterns appeared higher in α7β2nAChR −/− compared to wild-type mice (Fig. 4E ). Summing these periodic movements, central activity was significantly increased by 22 ± 2% (p b 0.05) during the dark phase and by 37 ± 4% (p b 0.05) during the light phase in α7β2nAChR −/− mice, both times due to elevation in fine/rearing activity (Fig. 4F ). In the same way, peripheral activity was significantly increased by 30 ± 2% (p b 0.05) during the dark phase and by 41 ± 3% (p b 0.05) during the light phase in α7β2nAChR −/− mice, always due to elevation in fine/rearing activity (Figs. 4G-I ).
Discussion
In the present study, we investigated metabolic features of the double α7β2nAChR
−/− mice. α7β2nAChR −/− mice present a moderate elevation in spontaneous food intake. Beyond nicotine anorectic action, nAChRs are well known to be involved in the regulation of food intake. In the lateral hypothalamus, neuronal networks express α4β2 and α7nAChRs [27] [28] [29] whereas α3β4 nAChRs seem rather implicated in both stimulation of POMC neurons [30] and inactivation of hypothalamic AMPK [31] . Surprisingly, the slight hyperphagia of α7β2nAChR
mice did not change their body weight but was associated with a modification of their body composition, with increased lean and bone mass and decreased fat pads, which can explain their increased sensitivity to fasting-induced weight loss. Different explanations can be put forward concerning the limitation of fat accretion in α7β2nAChR −/− mice.
First, this lean phenotype can be related to their elevation in energy expenditure. In fact, we observed a higher VO 2 consumption in α7β2nAChR −/− compared to wild-type mice. As expected for nocturnal rodents, the activity was higher during the night period than during the light period in both genotypes. Nevertheless, α7β2nAChR −/− mice present increased spontaneous physical activity when compared to wild-type mice. It clearly appeared that independently of the photoperiod (light/dark) and the location within the cage considered, the fine activity (corresponding to vertical exploration/rearing) mainly contributes to this increased spontaneous physical activity in α7β2nAChR
mice. In contrast, the ambulatory activity (horizontal locomotion) was not drastically changed, except during the beginning of the first dark period, corresponding to introduction into the system and discovery of this novel environment. These observations supplement previous behavioral investigations linked to global nAChR deficiency. In fact, α7β2nAChR −/− mice showed enhanced motor performance on the rotarod [32] and β2nAChR −/− mice were described as hyperreactive to novelty, suggesting that endogenous nAChR stimulation may exert a tonic control on monoamine-mediated locomotor responses [8] . Hyperactivity associated to β2nAChR deficiency appeared to be linked to selective dissociation of the high-order spatiotemporal organization of locomotor behavior (involving conflict resolution/social interaction) from low-level (more automatic motor behaviors) [9] and to the absence of specific inactive states (corresponding to decision moments) allowing to scan the environment and organize sequences of behavior [10] . Interestingly, hyperactivity of β2nAChR −/− mice can be normalized by selective expression of β2nAChR in the nigrostriatal and mesolimbic brain regions [11] . Besides the increased physical activity, the elevated level of T3, but not T4, also questions a possible mild hyperthyroidic status in α7β2nAChR −/− animals. In this sense, further studies are required to investigate a possible nicotinic cholinergic control of desiodase activity. In addition to the role of central nAChRs in regulation of food intake and physical activity, the lean phenotype of α7β2nAChR −/− mice reported here could reflect a primary peripheral role for nAChRs in the biology of adipose tissue. We presently report that α2 nAChR is the most expressed alpha nAChR subunit in murine WAT and BAT, in adequation with both recent similar observations in mice [19] and with clinical associations between the rs2043063 SNP in the CHRNA2 gene and obesity [33] . We also detected low but relevant levels of α7 and β2nAChR mRNA in WAT and BAT. α7nAChRs appear to play an anti-inflammatory role in adipose tissue [22] and were shown to be downregulated in human obesity [20] . On the other hand, studies in β2nAChR −/− mice demonstrate that nAChRs containing the β2 subunit mediate transcription of adipokines in a depot-specific manner in WAT and BAT [19] . Future work involving tissue-specific knock-out mice models is nevertheless required to dissociate central and peripheral role of nAChR in adipose biology. In the same way, functional binding of labeled nicotine, and detection of nAChRs in pancreatic islet cells [15] [16] [17] have suggested a local role in these endocrine structures. The secretory activity of pancreatic islets is a highly regulated process, under the control of nutrition, hormones and the nervous system involving cholinergic signaling. The muscarinic receptor is classically described as the terminal effector of the cholinergic signaling in pancreatic β-cells [34] [35] [36] and the function of nAChRs in the context of pancreatic islets has long been limited to their role in ganglionic autonomic vagal neurotransmission [37] [38] [39] [40] . Nevertheless, paracrine cholinergic signaling sensitizes the glucoseinduced β-cell response in human islets [41] and nicotinic cholinergic stimulation dampens insulin secretion [15, 42] whereas antagonism of the α7nAChR increases insulin release [43, 44] according to previous studies. We presently report that α7 and β2 are the nAChR subunits most predominantly expressed in pancreatic islets isolated from mice whereas α5 and β2nAChR subunits are prevalent in human islets, highlighting clinical associations between variants in the genes encoding these nAChR subunits with both insulin resistance and type 2 diabetes [45] .
It can still be considered that nAChR expressions are subtle in pancreatic islets compared to central levels. Physiologically, α7β2nAChR −/− mice present no difference in basal insulinemia, as well as in glucose-induced and parasympathetically-mediated regulation of insulinemia in comparison to wild-type mice, ruling out a primordial role for these nAChR subunits in insulin secretion. α7β2nAChR −/− mice only exhibit reduced inter-meal and fasted glycemia compared to age-matched wild-type mice. Modifications in glycogenolysis or in gluconeogenesis were investigated to explain these decreased circulating glucose levels since chronic nicotine attenuates glycogenogenesis and gluconeogenesis in Zucker fatty (fa/fa) rats liver [46] . Neither sensitivity to glucagon nor neosynthesis of glucose from pyruvate appeared modified in α7β2nAChR −/− mice. Equally, sensitivity to insulin was not changed in α7β2nAChR −/− mice which was more surprising since the single knock-out α7nAChR −/− mouse is gluco-intolerant and resistant to insulin [22, 23] , due to inflammatoryprone status and increased adipose tissue infiltration by activated macrophages [22] . Unaltered insulin sensitivity in α7β2nAChR −/− mice presently observed is nevertheless consistent with the absence of excessive inflammation in their adipose tissue shown by unchanged TNF-α and IL-6 mRNA levels.
Conclusion
In the present study, we characterized the metabolic phenotype of mice deficient for both the α7 and β2nAChR subunits. Despite slight hyperphagia, body weight was unchanged in α7β2nAChR −/− mice which showed an increased bone accretion and reduced fat deposition. Unlike single knock-out α7nAChR −/− mice, the adipose tissue of α7β2nAChR −/− mice presented no evident sign of excessive inflammation. This fit phenotype of α7β2nAChR −/− mice could be linked to the elevated spontaneous physical activity associated to central deficiency in β2nAChR. The local role of nAChRs in adipose depot and pancreatic islet (a recent field of investigation which deserves further studies) could not be ruled out since various nAChR subunits are expressed in these metabolic tissues. Nevertheless, α7β2nAChR −/− mice showed no major defect in glucose homeostasis and insulin secretion, except for a reduced glycemia, possibly linked to their lean phenotype.
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